Thus, the contrasting recoveries and plastic processes associated with the two types of lesion offer interesting insights that may help understand brain plasticity (Duffau, 2005; Bonnetblanc, Desmurget, & Duffau, 2006; Desmurget, Bonnetblanc, & Duffau, 2007; Finger, 1978; Finger & Stein, 1982) . For slow-growing tumors, the impressive reorganization capacity of the brain allows the subjects to recover rapidly, within a few days after surgery (Bonnetblanc et al., 2006; Desmurget et al., 2007; Duffau, 2005) . However, although there is clinical evidence, there has been no precise quantification of these phenomena. We report an analysis of the kinetics of recovery following surgery for low-grade gliomas ( LGG WHO Grade II gliomas).
LGG are slow-growing tumors of the CNS. They progress slowly (4 mm per year on average Mandonnet et al., 2003) for 7-8 years, before undergoing anaplastic transformation. During this slow progression, most LGG patients exhibit normal clinical exam results (Walker & Kaye, 2003) , although mild cognitive disorders can be detected by extensive assessment (Taphoorn & Klein, 2004) .
LGG resection is subject to two constraints: (i) removing as much of the invaded tissue as possible and (ii) minimizing functional sequelae. The use of direct electrical stimulation (DES) is widely advocated during surgical resections (Berger & Rostomily, 1997; Duffau, Bauchet, Lehericy, & Capelle, 2001; Duffau, 2005; Duffau et al., 2003a; Duffau, Gatignol, Mandonnet, Capelle, & Taillandier, 2008; Sanai, Mirzadeh, & Berger, 2008) . This technique causes a transient virtual lesion, thus allowing the structures that are essential for function to be identified at each stage of the resection (Duffau, 2004) . The rules guiding this approach are simple: any reproducible functional disturbance induced by DES indicates interruption of the resection (Duffau, 2005; Duffau et al., 2008) . This technique has proved to be effective: more than 90% of the patients return to normal socio-professional life, with no functional deficit, only 3 months after the surgery. Some very basic clinical observations indicate that in some cases patients could recover substantially within a single day (Duffau, 2001 (Duffau, , 2008 Duffau & Capelle 2001a , 2001b Duffau, Sichez, & Lehericy, 2000; Krainik et al., 2003) . However, the kinetics of this recovery have not been sufficiently described. Clinical observations reported are at single time points and most are based on global neurological and rating scales.
We report two patients tested after resection of their left parietal area invaded by a LGG, to measure their visuo-attentional deficits. Neglect is most often associated with right-side brain damage (Kandel, Schwartz & Jessell, 2000; Purves et al., 2008; Robertson & Marshall, 1993) . By contrast, right neglect (left-side lesions) has been observed in stroke patients with various frequencies and severity. They are less often observed (0-25% for left vs. 33-85% for right hemisphere strokes), less severe and recover more frequently than right lesions (60% for left vs. 0-50% for right strokes) (Bowen, McKenna, & Tallis, 1999; Chain, Leblanc, Chedru, & L'Hermitte, 1979; Chedru, Leblanc M, L'Hermitte, 1973; Ogden, 1985; Stone et al., 1991) . More specifically, for stroke patients with left brain damages, Denes, Semenza, Stoppa, and Lis (1982) , Sunderland, Wade, and Langton-Hewer (1987) , and Stone et al. (1991) observed a substantial recovery of right neglects after at least 3 months. These data suggest that even if right neglects usually occur less frequently and the severity level is also lower than left neglect, the recovery remains also quite long after acute lesions. In any case, recovery for right neglect was never observed within a single day, before the present work.
We used a classical line bisection task to quantify the visuo-attentional deficit for both patients and to determine how rapidly they recovered after the surgery. Line bisection is a common procedure used in LGG surgery. Intra-operative line bisection tasks combined with DES have been successfully used to track the visuo-attentional network involved in the symmetrical processing of visual scenes for patients with a right lesion (Thiebaut de Schotten et al., 2005) . However, visuo-attentional deficits affecting patients with left lesions have been less extensively explored. We found out that both patients displayed severe right neglect. However, 48 hours after the surgery both patients were tested and this deficit improved within a few minutes only as assessed by a simple line bisection task without verbal feedback.
METHODS

Subjects
Two right-handed patients were compared with eight right-handed healthy subjects (Controls). The control subjects (five men and three women) were aged from 37 to 56 years and had no history of neurological disease; they all participated in the study on a voluntary basis according to university protocols.
The two patients: P1 was a 39-year-old woman and P2 was a 41-year-old man. Both underwent surgical resection of a low-grade glioma (WHO II) using intra-operative DES P1 and P2 were put under clinical observation because of epileptic seizures. Interestingly, during the medical consultation, both reported transient visuo-motor impairments preceding the seizures, and dysesthesia. However, consistent with the slowly infiltrative character of the lesion, preoperative neurological examination revealed no deficit, or any visuo-motor abnormality, in either patient. In both P1 and P2, pre-operative MRI confirmed that the glioma was centered on the left parietal area (Figure 1 ). The initial volumes of the tumors were estimated to be approximately 90 cm 3 in P1 and 50 cm 3 in P2.
Surgical procedure
Patients were placed in a lateral position on their right side. Intra-operative mapping was performed under local anesthesia using the direct electrical stimulation technique as previously described . Briefly, a bipolar electrode with 5-mm spaced tips delivering a biphasic current not deleterious for the nervous system (pulse frequency of 60 Hz, single pulse phase duration of 1 ms, amplitude from 2 to 6 mA) was placed on the patient's brain while awake. The stimulation began 0.5 second before the presentation of the cross-modal stimuli and lasted 1 second for sensory-motor mapping and 4 seconds for language mapping. First, motor and somatosensory functions were assessed. In resting patients, stimulation was administered to the central area, and this induced involuntary motor responses; stimulations were applied so as to detect the motor sites and somatosensory sites which elicited the dysesthesia described by the patients. Second, the patients were asked to count (repetitively from 1 to 10) to identify the essential areas for speech production, namely those resulting in complete anarthria when stimulated. Finally, a picture-naming test (DO 80) consisting of 80 black and white drawings of objects was used to detect anomia and naming impairment.
The patient, the speech therapist, and the experimenter were all blind as to when the brain was stimulated. Each site was tested at least three times, three trials being enough to establish whether or not a cortical site is essential for a particular function (Ojemann, Ojemann, Lettich, & Berger, 1989) . To avoid seizures, the same cortical site was never stimulated twice in a row. Moreover, to ensure successful tumor removal while sparing functional areas, the limits of the resection were progressively set using direct subcortical stimulation throughout the procedure so as to preserve functional white matter pathways in the immediate vicinity of the surgical cavity. This strategy minimizes residual morbidity while optimizing resection quality (Duffau, 2005) .
Post-operative behavioral task: line bisections
The task consisted of bisecting lines of three different lengths in a random order (10 trials for each line length, i.e., 30 trials in all in each one session). P1 performed the task only with the right hand. P2 performed the task with the right hand and then with the left hand. The lines were presented at a reading distance on a landscape A4 sheet of white paper aligned with the sagittal midline of the subject. The lines were 50, 150, and 250 mm long and 0.5 mm thick. Lines were totally randomized within each session and the presentation sequence was different for each participant. No verbal feedback about performance was given. Line bisection errors were measured with a precision of 0.5 mm. Positive values indicate a rightward deviation and negative values a leftward deviation.
P1 was tested three times during the day starting 48 hours after the surgery and once 144 hours after surgery. For P1, 50, and 150 mm line lengths were not presented in every session. P2 was tested twice during the day starting 48 hours after the surgery and once 96 hours after surgery.
RESULTS
Importantly, the line bisection test we employed was not commonly used for patients with an invasion of the left parietal area before the present work. This test was mostly used to assess patients undergoing surgery for slow-growing tumors in the right parietal area and monitor visuo-attentional function during such surgery. This procedure clearly limited the functional deficits from right brain damage. Our two patients were the first such to experience this method. In consequence, these tests were only performed after the surgery for these two patients. For ethical reasons it seems now interesting to perform line bisection tests even for patients with an invasion of the left parietal cortex, in order to limit as much as possible the attentional deficit. However, it is difficult to say whether this new procedure will allow sparing new functional sites during the surgery as these patients are quite rare Downloaded by [François Bonnetblanc] at 05:09 13 July 2011 and because we have not yet collected data for line bisection tests performed during the surgery.
Intra-operative results
Patient 1: During the surgical session, the electrical stimulation in the primary motor area (precentral gyrus) produced hand (50) and face (2) movements; anarthria with stimulation in the rolandic operculum (47); dysesthesia of the face (4), fingers (48, 6, 5, 7) , and of the forearm (8) At the subcortical level, the resection was again stopped according to functional boundaries, namely the thalamo-cortical somatosensory pathways of the lower limb in 44 (anterior and mesial the entire cavity) and upper limb in 45 (deep and lateral boundary of the resection). In addition, subcortical language pathways were identified more laterally and posteriorly, i.e., the postero-superior loop of the superior longitudinal fasciculus eliciting paraphasia when stimulated (in 43) (Figure 1b lower and right panel).
Post-operative course
Post-operative MRI showed a subtotal removal of the left superior parietal lobule in both cases, with a residual tumor estimated at 4 cm 3 in both patients. The histological examination revealed a WHO grade II glioma in both cases.
Post-operative behavioral and clinical assessments
Despite a lesion in the left parietal area and according to Liepmann's model (Liepmann, 1920) , no sign of apraxia was noticeable for either patient. They were not impaired when required to act out cutting a slice of bread, or opening a door with a key. In addition, there was no sign of hemianopsia, but there was evidence of optic ataxia: they were impaired when they had to grasp for an object presented from behind into their right peripheral visual field and without fovealization of this object. However, just before performing the bisection task, during simple behavioral and clinical examinations, P2 presented some difficulties when spontaneously using his right hand especially for brushing his teeth or eating: he had a strong tendency to use his left hand rather than his right. Similarly, he was impaired when going through doorways and systematically bumped his right shoulder.
No such immediate behavioral evidence of right hemineglect was reported for P1 before performing the bisection task. However, during the second session of the bisection task, she suddenly reported: 'It's strange, but I didn't notice that my hand could mask the line' clearly suggesting right neglect during the practice session: she was not aware of her hand. Interestingly, despite spontaneously observing this problem, she still continued to make major errors (please see Figure 2 ).
Line bisections
Mean values for the patients were compared with the 95% confidence intervals (CI) determined for the control subjects (Table 1) . During every testing session and for all line lengths the patients' score were outside these CIs. For medium and long lines, the patients systematically showed an abnormal mean leftward bias. By contrast, the patients systematically showed an abnormal mean rightward bias for small lines, revealing a significant crossover effect. The mean time taken to perform the line bisection task was 2 min 59 s ± 56 s for the control subjects. For the patients this time was reported on Figures 2 and 3.
Normal ranges for line bisection were calculated on the overall performances across subjects. Both patients underwent repeat testing, at 4-hour intervals, during the day 48 hours after surgery. They significantly improved their performances for the bisection of long lines between test sessions, F(2, 10) = 24.5, p<.001 for Patient 1 and t(18) = -2.5071, p<.05 for Patient 2. This was not observed for medium and small lines for Patient 2 (P values>.1). However, for this patient the variability of deviations was greater during the first session than the second for the medium and small lines. Patient 1 explicitly reported substantial fatigue during the testing, especially the first and second sessions.
During the first session of testing, Patient 2 showed substantial recovery after only 7 minutes of practice: he started with a leftward deviation of more than -40.5 mm and finished after only 30 trials of random length line bisection rightward deviation of only +1.5 mm. This positive regression of the deficit was clearly confirmed comparing the first three and the last three trials (the three first trials were outside the confidence interval computed for control subjects, whereas the thre trials lasts of this session fall inside). This recovery was observed without verbal feedback. 
DISCUSSION
Simple clinical observations following awake surgery to remove slow-growing tumors revealed that substantial recovery can occur within a few days (Bonnetblanc et al., 2006; Desmurget et al., 2007; Duffau, 2001; Duffau & Capelle 2001a , 2001b Krainik et al., 2003) . To document these recovery processes better and to determine their kinetics, we used a classical line bisection task to test two patients after a resection of a LGG invading the left parietal area.
The patients rapidly and substantially recovered from major right hemi-neglect in only 4 hours, 48 hours after their surgery. For both patients performance in line bisection tests were significantly better during the second session than during the previous session 4 hours earlier. first two sessions. The performance of the patients was not stabilized at the end of the second day after surgery and was different when tested several days later; however, the variability was smaller. This suggests that the network which compensated for the initial deficit was not itself stabilized, and that its capacity to recover function was not fully attained at the end of the second day. Interestingly, between each session and as a global tendency, Patient 2 seemed to deviate alternatively from the left to the right and then to the left again but the size of this oscillation seemed to be absorbed progressively. It may be that reciprocal inhibition became unbalanced between both hemispheres due to the removal of the left parietal area and may induce an alternation of attention between the right and left hemi-fields. This may be normalized progressively from the first to the last session.
Strikingly, we observed an ultra fast recovery: the performance of Patient 2 improved substantially within 7 minutes during the first testing session. Initially, Patient 2 deviated strongly leftward from the middle of the 25-cm line but unconsciously compensated for this leftward deviation within 7 minutes, despite the variation of line lengths during the trials. This partial but substantial recovery occurred while the patient was simply performing the line bisection task without verbal feedback. The recovery was mostly retained and improved during the following testing sessions, although the patient continued to display consistent deviation 96 hours after surgery. Given such large fluctuations in performances of Patient 2, small sample size, and very short time interval, it is questionable whether true recovery has occurred. However, the fact that both patients show persistent leftward deviations after the first testing session does not play against the hypothesis of a true recovery since passive mechanisms would rather induce a constant and linear improvement correlated with time. This was clearly not the case between each session for both patients. In addition, the rapidity of the recovery itself and the fact that the deviations were smaller for the shorter lines precluded any potential effects of anesthesia, a local effect resembling diaschisis especially in the peri-tumorous tissue or pure motor impairments. Interestingly, the regression of symptoms was observed at two different temporal scales: a 'slow' rate post surgically and a 'fast' rate associated with practice (without verbal feedback) during individual testing sessions. This adaptation resembles that observed in prismatic adaptation (and motor adaptation in general) which similarly involves two different temporal scales: one slow between testing sessions and one fast during testing sessions (see Figure 4 in Gauthier, Blouin, Bourdin, & Vercher, 2007) . Interestingly, Luauté et al. (2009) using functional magnetic resonance imaging (fMRI) demonstrated that dynamic changes in brain activity following prismatic exposure occurred in the intraparietal sulcus, the parieto-occipital sulcus and the cerebellum. In our case, as for classical motor adaptation processes patients may not fully retain their performances from one session to the next. As observed on the recovery curves, they may need some recall in order to improve their performance at the level they had reached in the previous session. This important recall may explain why they are so fatigable but this need to be more clearly demonstrated.
These findings are consistent with processes unmasking redundant networks being responsible for the rapid plastic phenomenon. Unmasking processes have also been suggested by observations made using intra-cortical mapping. For instance, it was shown that during the surgery itself, a rapid functional reorganization in the sensory-motor system of the brain could occur within 15-60 minutes (Duffau, 2001 , Duffau & Capelle 2001a , for a review see Desmurget et al., 2007; Duffau & Capelle 2001b) . In this case, the resection may induce a local increase in cortical excitability allowing latent intracortical connections to be unmasked (Duffau, 2001; . Interestingly, our observations were made after the resection and the recovery was associated with practice without verbal feedback. Possibly, latent redundant networks revealed by the resection processes participate in the functional recovery (Nii, Uematsu, Lesser, & Gordon, 1996) .
For healthy individuals, motor practice leads to rapid reorganizations in the motor area in the intact brain. Indeed, simple repetitions of thumb flexions can induce rapid cortical representational changes and the motor cortex can retain specific kinematic aspects of the practiced movement within as little as 15 to 30 minutes (Classen, Liepert, Wise, Hallett, & Cohen, 1998) . It has been suggested that a rapid reorganization of motor maps could be regarded as a short-term memory for movements and be the first step of skill acquisition. Using fMRI, O'Shea, Johansen-Berg, Trief, Göbel, and Rushworth (2007) observed that transcranial magnetic stimulation (1Hz) of the left dorsal premotor cortex (PMd) was followed by a rapid compensatory increase in activity in the right PMd and connected medial Downloaded by [François Bonnetblanc] at 05:09 13 July 2011 premotor areas. Subsequent transcranial magnetic stimulation (TMS) of the reorganized right PMd disrupted performance suggesting that this pattern of functional reorganization had a causal role in preserving behavior after a neuronal challenge. Rapid plastic phenomena, within a few hours, were thus observed in the primary motor or the premotor cortex. In our experiment, the subjects rapidly recovered with practice independently of pure motor impairments and for a much more complex task with less movement repetitions than those employed in the experiment reported by Classen et al. Moreover, in their study, the representational changes occurring in the motor cortex were transient and disappeared after a few minutes.
One explanation for the rapid compensations we observed is that with the slow growth of the lesion, the contralesional hemisphere may have been progressively prepared, by the uncovering of contralesional redundant networks that have been slowly developing due to the gradually invading tumor, such that when the tumor was removed homologue networks could be rapidly unmasked. The following arguments are consistent with this hypothesis.
First, it could be suggested that the rapid recovery was due to some functions in the peri-tumorous tissue remaining in place and not being recruited because of a local effect resembling diaschisis. However, this interpretation does not seem plausible because of the rapidity of the recovery.
Second, DES performed just before and during the resection indicated the possible persistence of functional responses within the LGG (Danks, Aglio, Gugino, & Black, 2000; Ojemann, Miller, & Silbergeld, 1996; Skirboll et al., 1996) , in the somatosensory motor cortex (Duffau et al., 2003b) , in the left insular cortex (Duffau et al., 2000a) or in the left paralimbic cortex (Duffau, Taillandier, Gatignol, & Capelle, 2006) . As some functions which were not tested during the surgery can persist within the tumor, its removal could suddenly modify the transcallosal inhibition and modify the interhemispheric balance.
Third, this could have a more massive effect if the lesion was acute as in stroke, but the slow growth of the tumor may allow redundant networks to be better prepared for changes in the functional connectivity resulting from the surgery. It is possible that the compensations could occur anywhere in the brain and induce a progressive migration of the function ipsi or contralesionally. Indeed, various patterns of reorganizations involving perilesional, ipsilesional and contralesional areas have been observed before and after resections of LGG, some even in atypical areas (see Bonnetblanc et al., 2006 , Desmurget et al., 2007 Duffau, 2005 Duffau, , 2008 , for reviews). For resections of this size, with substantial evolution of the lesion, we speculate that the contralesional homologue is the best candidate to allow recovery of function because it probably contains the networks most similar to those removed. Krainik et al. (2004) , using fMRI, observed the involvement of the contralesional homologue after the resection of the supplementary motor area. However, questions have been raised about the significance of these functional migrations: the recruitment of the intact contralesional homologues may reflect a decrease in transcallosal inhibition (Heiss, Thiel Kessler, & Herholz, 2003; Netz, Ziemann, & Homberg, 1995) . A recent study rebuts these concerns by showing that TMS induces speech disruption when applied to the contralesional activation sites (Thiel et al., 2005) .
It would be interesting to determine the neural correlations of this fast recovery using fMRI and TMS; such investigations would better elucidate the unmasking phenomenon. Indeed, it may be possible to demonstrate the role of the contralesional hemisphere using TMS.
Finally, our results have significant clinical implications. It is generally believed that visuoattentional deficits illustrated by hemineglect are widely mediated by lesions of the right parietal cortex (Kandel et al., 2000; Purves et al., 2008; Robertson & Marshall 1993) . We show that for patients with a left invading tumor, line bisection tests are required before, during and after any awake surgery to help plan the surgery, control the quality of the resection, and also plan patient rehabilitation.
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